In this paper a method of quantifying fluid mixing using the fluorescence intensity of fluorophors in aqueous solution is presented. The general technique involves ratioing optically separable fluorescence from two fluorescent dyes. The resulting ratio normalizes for laser intensity distribution and any laser reflections. By properly selecting the fluorescent dyes, fluorescence ratios can be used to either measure the concentration of a passive scalar or temperature fields. In this study, fluorescence ratios were used to quantify the hydronium ion concentration of mixing fluids in a two dimensional plane. This was accomplished by temporally and spatially synchronizing two CCD cameras to simultaneously image laser induced fluorescence. Single and multi-dye systems were examined for their accuracy in predicting mixing and of the dye systems examined, a fluorescein rhodamine B solution proved to be the most accurate. Using this dye system, the fluorescence ratios were found to vary under 1 standard deviation for a 2.5 fold change in laser power. A standard error of under 6% of the mean fluorescence ratio was typical. This system was demonstrated by measuring the mixing in an axis-symmetric turbulent jet with an Reynolds number of 9,000. Finally, this technique was shown to be capable of measuring temperature fields.
Introduction
Several studies have been performed on laser induced fluorescence (LIF) as a method of quantifying mixing [1] [2] [3] . The common denominator in all of these studies was the use of fluorescein as the fluorescent tracer. Fluorescein is a pH dependent dye whose green fluorescence intensity increases with increasing pH over the pH range of 3 to 8. Historically fluorescein has been used in one of two ways to indicate mixing. First, the fluorescent dye itself can be used as a measure of the amount of mixing between two fluids by mixing a fluorescent solution with a solution that does not contain the dye. In this method the dye concentration is used as a passive scalar to monitor mixing through dilution. By calibrating for dye concentration versus fluorescence intensity the fluorescence emission can be used as a non-intrusive technique for measuring the dye concentration anywhere in the fluid and thus the amount of mixing. Using this technique Dimatokis and Koochesfahani 1 imaged fluorescein's laser induced fluorescence with a photodiode array to quantify mixing in a turbulent shear layer.
The second method in which a fluorescent dye can be used to measure mixing, is to use the dye as an indicator of the concentration of another chemical species. This method uses the fluorophor as an indirect measurement of mixing by providing information on the concentration of the nonfluorescing chemical species. In 1993, Rogers and Bellerose 2 explored the idea that mixing could be quantified using fluorescein's pH dependent emission to measure hydronium ion gradients.
Finally, in 1993 Cetegen and Mohamad 3 quantified mixing in vortices created by a shear layer using fluorescein. The distinguishing feature of this study is that by mixing an acidic fluorescein solution with a basic solution, both fluorescein's pH dependent emission as well as fluorescein's concentration were used to quantify mixing. The major limitation of previous studies is the extensive calibrations required to relate the fluorescence intensity to a mixing value. That is, the fluorescence at any point in a laser sheet will not only be a function of the amount of mixing, but also the intensity of laser light that is incident upon that point. It is difficult to predict the laser intensity at a point because the laser light is being absorbed as a function of pH by fluorescein. Therefore, in order to predict the intensity of light at any point in the laser sheet, the pH at every point upstream in the laser sheet must be known. Finally, any laser light reflections or scattering are very difficult to account for during calibrations.
One way to bypass these problems is to ratio the fluorescence from the pH dependent dye to another dye. This concept was first introduced in our earlier work on the fluorescent dye carboxyseminapthorhodafluor or SNARF 4 . As long as the absorption and emission bands of the two dyes are sufficiently different, dividing the fluorescence from each dye normalizes for dye concentration, laser light absorption, laser light intensity and light reflections. This can be shown mathematically for the simple case of a collimated light beam passing through a fluorescent solution.
The measured fluorescent intensity at any point along the excitation beam can be expressed as
where I f is the measured fluorescence intensity at point b, I e is the intensity of the excitation light beam at point b, A is the fraction of fluorescence light collected, Φ is the quantum efficiency, L is the length of the sampling volume along the path of the excitation beam, molar absorptivity, and C is the molar concentration of the fluorophor. The ratio of two dye's fluorescence at any point is then
where I 1 f is the measure fluorescence intensity of the first dye at point b, and I 2 f is the measured fluorescent intensity of the second dye at point b.
Notice the ratio removes the excitation light source from the expression and the fluorescence ratio and is only a function of the constant physical properties of each dye. The pH dependent dye will have a molar absorptivity that is pH dependent so that for each pH value the ratio will be equal to a different constant. A similar analysis can be performed for a two dimensional laser sheet used in this paper.
System Design Parameters
Most design parameters in the present system were based on a set of predetermined criteria. The dyes were required to be water soluble, excitable with either the 488 nanometer or 514 nanometer line of an Argon ion laser, and only one of the dyes was required to have a pH dependent fluorescence. These criteria were chosen for purely practical reasons.
Another requirement which is less arbitrary is insuring that the two dyes selected have nonconflicting absorption and emission spectra. Nonconflicting spectra means that the absorption band of one dye will not overlap with the emission band of another dye or its own emission band and that the emission bands of each dye are optically separable. In aqueous solutions, the absorption and emission bands tend to be broadened due to solvent interactions and therefore some type of a spectral conflict is almost a certainty. The emphasis is then on being able to correct for the conflict rather than on selecting two dyes that do not conflict at all.
Both an overlap between emission bands and an overlap between a pH independent absorption band and an emission band can usually be corrected. In the case of overlapping emission bands, usually the tail of one dye's fluorescence band overlaps with the beginning of the second dye's emission band. Assuming the two dyes have sufficiently different emission peaks, this can be solved by selecting wavelength's in the second dye's emission band where the overlap is negligible.
An overlap between an emission band of one dye and the absorption band of a second dye can also be corrected for as long as the absorption band does not change with pH. The amount of fluorescence in each wavelength that is absorbed due to overlap for the simple case of a collimated beam can be expressed as abs( ) = ( )CL (3) where abs( ) is the fraction of light having a wavelength, , that is absorbed, ( ) is the molar extinction value at wavelength , C is the absorbing fluorophor concentration, and L is the distance the fluorescence travels through solution before being measured. Since ( ) C is a constant for a solution with a homogeneous fluorophor concentration, the only correction needed is for the distance the fluorescence travels through solution.
In general an overlap between an emission band of one dye and a pH dependent absorption band of a second dye is difficult to correct. Figure 1 shows why this type of conflict is difficult to correct. A laser sheet is shown passing through a fluorescent solution with an arbitrary pH field. LIF from each point in the laser sheet must travel through the fluorescent solution to reach the collection optics (shown for the top view for the fluorescence from a point). If this fluorescence is absorbed as a function of pH, then each mass of fluid the fluorescence travels through which has a different pH will absorb the fluorescence by a different amount. The graph to the right of figure 1 shows the fluorescent intensity decay as the fluorescence travels through an arbitrary pH field. The portion of the curve which is expanded, shows an example of how the fluorescence might decay as it passes through three differential volumes of fluid each with a different pH. The net absorption will be the integral of all of the absorbencies from each differential volume in the fluorescence path. Since there is no practical way to determine the pH field between the laser sheet and the collection optics, the fluorescence cannot be corrected for the pH dependent absorption. Therefore, it is important that care is taken in selecting dyes that do not have pH dependent absorption bands that overlap with their own emission or that of another dye. To predict the type and severity of spectral conflicts, dyes were examined for their absorption and emission characteristics. The absorption spectra was obtained using a Perkin Elmer Lambda 6 UV/VIS spectrophotometer. The emission data was obtained using a double monochrometer fiber optic spectrofluorometer with a mercury lamp.
The samples analyzed were prepared in a phosphoric acid buffered solution. The dye concentrations for each prepared sample was approximately 10 −5 molar.
Figures 2 and 3 show the absorption and emission spectra obtained for the fluorescent dye SNARF. SNARF's dual emission band is ideal in that one of the fluorescence bands can be used to normalize the other, removing the need for a two dye system. However, SNARF has a broad pH dependent absorption band (see figure 3 ) which overlaps with all of its yellow fluorescence band and most of its red fluorescence band. Because of this conflict, SNARF is only useful as a ratiometric dye when the change in absorption (or ( ,pH)Cl ) is small. From equation 3, it is evident that changes in absorption will be small when changes in the product of path length, concentration and molar extinction coefficient are small. Also SNARF may be useful for situations where the measuring device's resolution is below the change in fluorescence ratios due to pH dependent absorption. One other dual emission dye named seminaphthofluorescein or SNAFL (available from Molecular Probes Inc. 6 ) was examined to determine its usefulness as a ratiometric dye. However, SNAFL also has a broad pH dependent absorption band which overlaps with its emissions. Therefore, SNAFL was dropped from further consideration.
Subsequent dye systems examined used two fluorophors. The pH dependent dye was always fluorescein. Fluorescein's emission and absorption spectra are shown in figures 4 and 5. The maximum fluorescence intensity occurs at approximately 514 nm while the maximum absorption occurs at approximately 490 nm. Note there is no overlap between the pH dependent absorption band and the emission band for wavelengths greater than 520 nm. Therefore, fluorescein's fluorescence was monitored at wavelengths greater than 520 nm.
There are relatively few fluorophors that can be used as a secondary dye with fluorescein. That is there are few fluorophors which are water soluble, excitable with 514 nm or 488 nm, and have fluorescence bands which are optically separable from fluorescein's emission. Dye's which satisfied these conditions include propidium iodide, rhodamine B, and cresyl violet acetate or CVA. Propidium iodide is unsuitable because it is extremely toxic and its fluorescence intensity is weak unless bound to DNA. CVA was also removed from consideration when it was discovered its absorption band is pH dependent (see figure 6 ). Rhodamine B did not suffer from any of these problems. Figure 7 shows rhodamine B's absorption is independent of pH over a range of 6 to 9. figure 10 . The camera set up was design to take advantage of all of the fluorescence information simultaneously. This was accomplished by using a beam splitter to image the fluorescence onto two 8 bit MS-12 (RS-170) Cohu CCD cameras, each with a filter specific to one of the fluorescence bands. The filter used to separate the rhodamine B's fluorescence is center at 640 nm with a 35 nm half band width and the filter used to separate fluorescein's fluorescence is centered at 580 nm with a 20 nm half bandwidth. Half inch aluminum was chosen as the base plate to prevent significant amounts of warping or bending. Each camera is mounted on a quarter inch aluminum platform. The camera platform has four set screws to adjust the height and rotation of the plate relative to the base plate. At the end of each camera platform is a filter holder for an optical filter. In front of, and oriented 45 degrees to, the axis of symmetry of each camera is a 50-50 beam splitter. The beam splitter reflects 50% of the incoming light into one camera while the remaining 50% of the light is transmitted to the other camera. The reflected light will be the mirror image of the transmitted light. The beam splitter is mounted on its own platform with set screws to ensure that it is perpendicular to the base plate to minimize spatial shifting or rotation of the reflected image. Although the camera's images are never completely aligned with one another, the cameras are adjusted so that there is no rotation between the images. Typically the images are misaligned by under 20 pixels in both the vertical and horizontal directions. The camera signals are recorded with a Sony EV3000 and a Sony EV100 cassette recorder and then frame grabbed with the Power Macintosh AV board driven by Labview software. A separate Labview program shifts one camera's image relative to the other's so that they are completely aligned. 
DYE SYSTEM LIMITATIONS
SNARF (dual emission dye) pH dependent absorption band overlaps its own emission band over the range of 450-650
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Results
The first test was designed to insure the fluorescence ratios were in fact independent of laser power as postulated. The rhodamine B fluorescein solution was buffered at a pH of 9.0 to avoid changes in fluorescence intensity due to pH gradients. The laser power was adjusted over a range of 2 to 5 watts. At a given laser power 16 frames from each camera were averaged to produce an average red intensity image and an average yellow intensity image respectively. The averaged red and yellow intensity images were then divided to produce a matrix containing 640 by 480 fluorescence ratio elements. The same subsection of 10,400 ratios was extracted from matrix for analysis. Figure 11 shows under 2.5% variation of the mean ratio for power variations of over 2.5 times the starting laser power. This variation fell within the standard error of each subsection of ratios. Once the fluorescence ratios were determined to be independent of laser power, a calibration curve of normalized fluorescence ratios to pH was obtained. The individual fluorescent intensity images were averaged 120 times. An image subsection of 28,500 pixels was averaged to form the reported ratio value at each value at each pH. The 514 line of the Argon ion laser was selected to create a laser sheet in the interrogation tank. The solution was continuously stirred with a magnetic stirring rod to avoid pH gradients and reduce photodecomposition. The same solution was used for each trial. Figure 12 shows the results of the calibration. The standard error of the ratio values in each image subsection is under 3% of the mean and the two runs are repeatable within this standard error.
The standard error of the ratios from the entire laser was on the order of 6% of the mean. Instead of remaining constant as expected the ratios increased slowly across the laser sheet (in the plane of sheet symmetry). This error was attributed to the small fraction of fluorescein's fluorescence that is being detected by the camera monitoring the red fluorescence. This occurs because fluorescein has a weak red component to its fluorescence. Therefore at the beginning of the laser sheet where fluorescein's contribution to the red fluorescence is the greatest, the ratios are low. Further down stream in the laser sheet the fluorescein's contribution becomes diminished and so the ratio values increase. This problem could probably be minimized or eliminated with the proper choice of optical filters.
This technique can also be used to quantify temperature fields in solution instead of pH. Figure  13 shows how the ratios varied with temperature when excited with 514 nm laser sheet. The ratios at each temperature were obtained by averaging the ratio of 10,125 pixels in each fluorescent intensity image. The standard error was under 10% of the mean ratio. The error for this case was high due to the aberrations of the glass interrogation tank used for this test. The cameras were positioned at the opposite end of the tank from the jet with the jet nozzle centered in the camera's image. The jet nozzle was painted black to reduce fluorescence reflections that might be detected by the cameras. A 514 nm laser sheet was positioned perpendicular to the jet's axial axis of symmetry. The reservoir was kept as close as possible to a pH of 8.60 while the fluid in the interrogation tank was kept as close as possible to a pH of 5.00. These pH values were chosen to provide the greatest mixing resolution in the range of 50 to 75% mixed. Mixing was defined using the volumetric fraction of acid in a total volume. Therefore to obtain a mixing values the fluorescence ratios were first normalized to account for absorption the amount of solution between the laser sheet and the cameras. The normalized ratios were correlated to a pH value (from figure 12) which was then related to a volumetric fraction of acid that must have mixed with the basic jet to give the pH value. This volumetric fraction of acid was normalized by 0.5 and multiplied by 100 to obtain the percentage mixed. This normalization was performed to force a volumetric acid fraction of 0.5 to correlate to 100% mixed. Figures 15 shows a contour plot of the normalized jet fluorescence ratios for a cross-section a at 0.5 jet diameters. The jet appears relatively symmetric and the ratios indicate a pH of 8.6 for the jet core or no mixing. Figure 16 shows the percent mixing for three jet cross-sections versus a normalized radial distance away from the jet axis. The normalized distance for each cross-section was the radial distance from the centerline of the jet divided by the radial distance at which the jet was 71% mixed. Therefore, each cross-section was normalized with a different radial distance. By normalizing the radial distance, the jet spreading is taken into account and a comparison of mixing can be made at the same relative point in the mixing layer of each of the crosssections. From figure 16 it is evident that the jet's mixing is increasing with increasing distance downstream of the jet. Note the centerline mixing values does not significantly change for any of the cross sections because with the pH values chosen the mixing resolution is greatest between 50 to 75%. Since the center of the jet will not have mixed to 50% by 5.6 jet diameters, any mixing at the center of the jet will not accurately be predicted. 
Conclusion
In this paper we have described advances in our previous research 4 on developing a new technique to quantify mixing using laser induced fluorescence. Several possible dye systems were examined including the dye originally proposed in our earlier paper. Based on spectral information of the dyes examined, a rhodamine B fluorescein solution proved to be the most accurate in predicting mixing. The rhodamine B fluorescein ratios were shown to be independent of laser power within one standard deviation of the mean. The standard error of the fluorescence ratios was typically 6% of the mean ratio value with the bulk of the error being attributed to an inability to completely separate the emissions of fluorescein and rhodamine B. By optimizing the system with different optical filters it is believed that the emissions can be separated and the error further reduced. The rhodamine B fluorescein system was also briefly examined for its temperature dependence. The fluorescence ratios appeared to increase linearly with temperature indicating that temperature could be used as the passive scalar of the flow instead of the hydronium ion concentration. Finally, the system was demonstrated on turbulent jet to quantify mixing with reasonable results. We are currently looking at other fluorescent dyes to use with fluorescein to optimized the system.
